Abstract Eugenia grandis (Wight) is grown in urban environments throughout Malaysia and root systems are often damaged through trenching for the laying down of roads and utilities. We investigated the effect of root cutting through trenching on the biomechanics of mature E. grandis. The force necessary to winch trees 0.2 m from the vertical was measured. Trenches were then dug at different distances (1.5, 1.0 and 0.5 m) from the trunk on the tension side of groups of trees. Each tree was winched sideways again and the uprooting force recorded. No trenches were made in a control group of trees which were winched until failure occurred. Critical turning moment (TM crit ) and tree anchorage rotational stiffness (TARS) before and after trenching were calculated. Root systems were extracted for architectural analysis and relationships between architectural parameters and TM crit and TARS were investigated.
Introduction
The presence of trees in urban areas provides many benefits for both the community and environment (Bernatzky 1978; Bradshaw et al. 1995; Miller 1997; Thomas 2000) . However, due to their close proximity to infrastructure, mature or large trees can pose significant risks and liabilities especially in an era where the consequences of climate change include a probable increase in windstorms and hurricanes (Quine 1995; Deborah et al. 1996) . Therefore, urban trees require special attention, in particular with regard to mechanical stability. Trees in towns and cities are often subject to severe environmental stresses and mechanical damage, especially to root systems, through soil compaction under roads or paving, poor planting conditions, pollution and construction work. With regard to the latter constraint, roots can be heavily damaged through the laying of foundations and trenching during, e.g. construction works and installation of underground utility lines. As most of a tree's roots are found near the soil surface, cutting of roots through trenching can cause serious damage to the root system, resulting in the possible decline or death of the tree. Depending on the distance of the trench from the stem, mechanical stability of the tree may also be compromised (Miller and Neely 1993; Brudi and Wassenaer 2002) . Whilst a healthy, vigorous tree can withstand removal of up to 50% of its roots (Heliwell 1985 , Sinclair et al. 1987 , tree stability may nevertheless be reduced if all the roots on one side are severed (Heliwell 1985) , or if structural root development is asymmetrical (Coutts 1983; Coutts et al. 2000) . The danger of uprooting is thus very high when lateral roots of large trees are severed within approximately 1.0-1.3 m of the trunk (Wessolly and Erb 1998) . This scenario is extremely critical for urban trees where growing space is restricted and soil conditions are not optimal, resulting in root systems which are often shallow or deformed.
For trees growing in built-up environments, the risk posed by mechanical instability depends largely on the hazard factor and resulting consequences of tree failure. Where human lives and infrastructure are at risk from trees toppling or losing their branches during storms, those trees will be inspected frequently and pruned or removed as necessary. Many guidelines exist to help the arborist decide how to best manage crown cover in urban situations. However, the root system is much more problematic to manage, largely due to the difficulty in investigating it in situ and carrying out experimental studies on this hidden part of trees. To our knowledge, there is little published research on how much root loss a tree can withstand without seriously compromising mechanical stability (Coutts 1983 (Coutts , 1986 Fourcaud et al. 2008) , nor at what distance from the trunk digging or trenching can be carried out without increasing the risk of failure. Arborists often use above-ground tree features to specify the dimensions within which root systems should not be damaged. Simple calculations involving branch spread (Bernatzky 1978; Olson and Ray 1979; Schoeneweiss 1982; Tartar 1989; Fazio 1992; Miller and Neely 1993) , trunk diameter (Morel 1984, Mattheck and Breloer 1995) and tree height ) are commonly used. Current recommendations as proposed by the British Standard Institute (1989) and Watson (1990) suggest a minimum distance for trenching along one side of the tree of 0.15 m for each 0.025 m diameter at breast height (DBH), whereas Harris et al. (2004) and the American Society of Consulting Arborists (1989) recommend 0.30 m for each 0.025 m DBH (Miller and Neely 1993) . Mattheck and Breloer (1995) have also recommended an equation whereby the minimum distance equals the root plate diameter, which in turn is correlated with trunk diameter. Whilst these guidelines may be helpful, advice for arborists concerning the minimum 'safe' distance between a trench and a tree is conflicting. These guidelines have also been developed based on observations of trees and site characteristics after failure occurred and have not been based on sound experimental procedures. As a result, arborists are often in the dilemma of making the decision whether to retain or remove large trees from sites where construction or trenching is carried out close to the tree. Therefore, a rigorous investigation of the influence of root loss through trenching on tree mechanical stability is required. Although a large body of information on tree resistance to windthrow is available in the forestry literature (see review by Peltola 2006) , few data exist for urban trees (Bell et al. 1991; Roodbaraky et al. 1994; Mattheck 1998) , particularly in tropical areas which are frequently subjected to heavy storms and cyclones.
In temperate forest trees, the relationship between tree resistance to overturning and root morphology has been much elucidated in recent years (Danjon et al. 2005; Dupuy et al. 2005a Dupuy et al. , b, 2007 Fourcaud et al. 2008; Khuder et al. 2007) . Through static bending tests, tree behaviour in a wind storm can be simulated Mickovski and Ennos 2003; Cucchi et al. 2004; Nicoll et al. 2005; Stokes et al. 2005; Peltola 2006) , although few studies then include an investigation of root architecture (Mickovski and Ennos 2003; Stokes et al. 2007; Dupuy et al. 2007; Khuder et al. 2007) . By combining information from bending tests and architectural analysis, it is possible to identify those characteristics influencing uprooting the most. Nevertheless these features depend on species, soil type and planting treatment (Fourcaud et al. 2008; Khuder et al. 2007) . A more laborious but practical method for investigating the influence of root system characteristics on tree anchorage is to observe the effect of root removal on resistance to overturning during bending tests (Coutts 1983 , 1986 , Crook et al. 1997 . In urban trees, such a method could be used to determine the effect on anchorage of root removal through trenching. Together with data on root system morphology, the minimum and maximum distances for disturbing and cutting roots of mature trees could be determined.
We carried out a study whereby roots were cut through trenching in the tropical urban species Eugenia grandis Wight, grown on sandy clay soil in an urban park in Kuala Lumpur, Malaysia. This species was chosen for the study due to its popularity as an urban landscape tree. Trees which are mature can pose a significant risk to the public, with regard to anchorage during storms, but no study has yet been carried out on anchorage resistance of E. grandis. In a series of tests where roots were removed and then winched sideways to failure, we quantified the influence of root loss on tree anchorage. Root morphology was then measured and characteristics correlated with anchorage rigidity. Results are discussed with regard to providing guidelines and advice for the arborist dealing with potential hazard trees in towns and cities.
Materials and methods

Site details
The study area was located in the urban park of Taman Tasik Permaisuri (49.4 ha), in the district of Cheras, 15 km south-east of Kuala Lumpur (03°05 0 81°N 00 , 101°43 0 26 00 E, 79 m above sea level). The site, measuring 31 9 150 m plot with a density of 151 Eugenia grandis Wight was established in 1984 as part of the ''Greenery and Beautification Programme'' conducted by the City Hall of Kuala Lumpur. The plot was situated on a southwest facing slope with an angle of 7-10°and was sheltered from prevailing winds from south-west (SW) and north-east (NE) directions. Generally, Malaysia has two main seasons, the north-east Monsoon (November-March) and the south-west Monsoon (May-September), separated by two relatively shorter inter-monsoon periods. Wind data monitored 25 km away at Subang, showed that the site was subjected to prevailing winds from different directions, depending on the time of year. In May-September, prevailing wind direction was from the SW (mean windspeed of 1.5 ms -1 ), but this changed to NE from November-March (mean windspeed of 1.7 ms -1 ). However, the strongest winds of 35.5 ms -1 recorded over a 20 year period came from the NE (300°) and occurred during the inter-monsoon season, in the month of October (Malaysia Meteorological Department, Table 1 ). Air temperature is monitored at a weather station 8 km away (TUDM Sungai Besi, Kuala Lumpur). The climate is tropical with high temperatures, air humidity and rainfall all year round. Soil at the site was a sandy clay soil and no hard pan or seasonal waterlogging exists, therefore root growth was not restricted vertically.
Tree selection and experimental layout
In April 2005, a total of 28 trees were randomly selected from a plantation of 20 year old E. grandis Wight. Trees were planted in 1984 as seedlings at approximately 4 m intervals. In 2005, stem diameter at breast height (DBH) was 0.21 ± 0.02 m, tree height was 13.80 ± 0.96 m and crown spread was 3.9 ± 0.17 m (means ± standard error). A complete randomised design (CRD) was used to divide trees into four groups. Each group consisted of seven trees and was subjected randomly to three different soil trenching treatments. No trenching was carried out on the control group of trees.
Tree winching and trenching tests
Tree winching tests were carried out early April 2005 to determine the effect of root loss through trenching on root system anchorage. The tests were carried out when precipitation was maximal, therefore soil moisture content was high. Higher soil moisture content results in lower soil shear strength (Crook and Ennos 1996) therefore failure through winching is more likely to occur in the root system than in the trunk. To remove the confounding parameter of trunk weight and crown area on anchorage (Coutts 1986 ) the trunk was cut at a height of 2 m above ground level.
The winching tests ( Fig. 1 ) were similar to those carried out in previous studies (Coutts 1986; Crook and Ennos 1996; Papesch et al. 2005; Stokes 1999; Moore 2000; Peltola et al. 2000; Mickovski and Ennos 2003; Cucchi et al. 2004; Nicoll et al. 2005; Stokes et al. 2005) . A sling was looped around the trunk of the test tree at a height of 1.8 m. This sling was connected to the winch cable and a hand held winch (maximal force capacity of 32 kN) and attached to the base of an anchoring tree. A pulley attached between the tree and the winch was used to double the winch capacity. A force transducer capable of measuring force up to 20 kN (type K25H-20kN, Scaime S.A., France) was connected between the sling and the winch cable, which recorded tension applied to the winched tree every second using dataloggers (Almemo 2290-8, Ahlborn, Germany). The distance between the test and anchor tree was measured (16.56 ± 1.01 m), along with the azimuth direction in which the tree was pulled.
To quantify the loss of anchorage rigidity through trenching, each tree was winched sideways (in a random direction) before and after trenching. For each test, the tree was pulled sideways to a distance of 0.2 m from its initial position (the amount of cable displaced during the winching test was used to measure the distance of 0.2 m). To 197-209 199 test if this deflection was well within the tree's elastic limit, we carried out several loading and unloading tests on extra trees in the plot. The force required to pull the tree 0.2 m sideways was then measured. The tree was released and allowed to return to the vertical. Data were similar each time we winched the same tree to 0.2 m and then released it, before repeating the test (Fig. 2 ). Therefore we assumed that no plastic damage had occurred. On test trees, a trench (1.0 m deep and 3.0 m long, extending 1.5 m from each side of the trunk) was dug on the counter-winchward (CW) side of each tree using a trenching machine where the major lateral roots were cut off. The CW side of the stem was chosen as roots in this direction are held in tension and account for up to 60% of the total tree anchorage in shallowly rooted species (Coutts 1983 (Coutts , 1986 . Therefore, root loss on the CW side of the tree should have a greater effect on anchorage rigidity. Trench dimensions were enough to sever all roots on one side of the tree. For each tree, only one trench was dug at one of three different distances (0.5, 1.0 and 1.5 m) from the stem base. After the trench was made, trees were winched in the same direction until uprooting or stem breakage occurred. In control trees, no trenches were dug and trees were winched to a distance of 0.2 m and then until failure (Fig. 2) . Once the winching tests were completed, soil-root plate diameter (perpendicular to the winching direction) and depth were measured and the direction of slope recorded. To measure root system morphology, trees were then excavated using a mechanical digger. Prior to the excavation, the stump of the study tree was marked according to the pulling direction and north. A 1.0 m deep trench was dug around the tree to sever the remaining roots and the mechanical digger then slowly removed the root system from the soil. Soil was removed from the root systems using a high pressure water jet. All broken roots were collected and tagged and taken together with the root systems to the laboratory for measurement of root morphology. Soil measurements
Immediately after each winching test, soil samples were taken to determine if soil water content and bulk density differed between trees and affected the results of the study. For soil moisture analysis, samples (n = 19) were taken from three different depths within the soil-root plate (0.05, 0.30 and 0.7 m). Samples were then weighed before drying the soil to a constant mass and weighing again (105°C for 24 h or until no further changes in weight). Soil moisture content was expressed as a percentage (grams of water per 100 g of dry soil).
To measure soil bulk density, a soil corer was used to take samples 70 mm long and 40 mm wide. Three samples were taken from five different locations within the E. grandis stand. Soil bulk density was obtained using the core method, where a core ring is pressed or hammered into undisturbed soil to the desired depth and then carefully removed to obtain a known volume of soil. The soil moisture content of each of these samples was measured using the method described above. Therefore, soil bulk density can be calculated for a known volume of soil using Eq. 1:
where BD is the soil bulk density expressed as g cm -3 ; Wb is the weight of the soil and core ring after oven-drying; Wr is the weight of the core ring; h is the core ring height or depth and d is the core ring diameter.
Mean soil BD was 1.47 ± 0.01 g cm -3 and did not differ significantly within the E. grandis stand. Soil moisture content did not differ significantly either between trees or with depth, with mean values of 35.0 ± 1.2% at 0.05 m depth, 36.2 ± 1.6% at 0.30 m depth, and 35.3 ± 1.7% at 0.7 m depth. Therefore, differences in soil physical properties throughout the site were not considered to influence tree anchorage.
Measurements of root system morphology Root system morphology was measured to determine if there was a relationship with tree anchorage rotational stiffness (TARS) and the critical turning moment (TM crit ). The shape, size and orientation of all structural roots (defined as any woody root with a diameter [ 10 mm) were quantified using techniques similar to those described by Nicoll and Ray (1996) , Drexhage and Gruber (1998) , Drexhage et al. (1999) and Mickovski and Ennos (2003) . Roots \10 mm in diameter were removed from the root systems with secateurs and roots were numbered to aid measurement and data analysis. Measurements were made for all roots in control trees and only where roots had not been cut in test trees. Two types of roots were measured in this study: first order lateral roots (woody roots growing horizontally from the base of the trunk, with a branching angle \ 45°from the soil surface) and vertical roots (woody roots originating from the underside of lateral roots, with a branching angle [ 45°from the soil surface). In order to investigate the influence of root system architecture and morphology on root system anchorage, the orientation (azimuth) of each first order lateral root was measured together with horizontal (d h ) and vertical (d v ) diameters at four different distances of 0.2, 0.5, 1.0 and 1.5 m from the stem base. For vertical roots, these measurements were made at vertical intervals of 0.3 m from the stem base and data grouped into horizontal distance classes from the stem (0.0-0.19, 0.20-0.49, 0.50-0.99 and 1.0-1.5 m). Root cross-sectional area (CSA) was then calculated at each distance from the tree stem (Eq. 2):
The depth and location of each sinker along the first order lateral was also measured. Due to difficulties in excavating all the roots that were broken, damaged or remained in the ground after winching and extraction, therefore it was not possible to measure all roots.
To determine if first order lateral root shape was related to tree anchorage, root eccentricity (e) was calculated along with root CSA. Each root was considered as an ellipse. Root e was calculated using Eq. 3 (Mickovski and Ennos 2003):
where d 1 is the largest root diameter and d 2 is the smallest.
Values of e close to zero indicate that the shape of the root is almost circular whilst values closer to 1 indicate an elliptical root shape.
Data analysis
Turning moment and root anchorage rotational stiffness
The turning moment (TM) of root anchorage was calculated by assuming that the tree rotated around an axis that was located at the stem base, the bending of the stem during the pulling test was negligible and the stem was initially perfectly vertical. TM was defined as the product of the force magnitude (F) applied to the tree and the lever arm (h) that was the distance of the cable from the tree rotation axis (Fig. 1) .
The lever arm (h) was calculated with regards to the horizontal distance (D) between the test and anchoring Trees (2009) 23:197-209 201 trees, together with the angle (a) between the cable and horizontal directions:
Angle (a) between the cable and horizontal directions depended upon the horizontal (q x ) and vertical (q y ) components of the stem deflection at the point of attachment of the cable:
Expressing these components (q x ) and (q y ) with regard to the stem deflection angle (h) and the height of the cable (H), and incorporating into Eq. 6 gives:
TARS was then defined as in Eq. 8:
Relative tree anchorage rotational stiffness TARS given by Eq. 8 can be used to quantify tree anchorage rigidity before and after trenching. In order to evaluate the change in stiffness after trenching, we defined the relative value of anchorage rotational stiffness (RARS) as
where (TARS 0 ) was the (TARS) calculated at a stem deflection angle of h = 10°before trenching, and (TARS t ) the TARS calculated at the same stem deflection after trenching. RARS was expected to be a positive percentage, i.e. TARS t \ TARS 0 , and was thus considered as an indicator of the stiffness loss after cutting.
Critical turning moment
The TM crit was defined by incorporating Eqs. 4, 5, and 7 together with the maximum force (F max ) recorded during the winching tests when the tree was winched until failure, at the corresponding deflection angle (/ max ).
Root system morphology For statistical analysis, each root system was divided into twelve 30°radial sectors with regard to the winching direction, i.e. CW was considered to be at 0°. First order lateral root number, mean and the sum (R) of root CSA were calculated within each sector, at a distance of 0.2 m from the stem. The ratio between first order lateral root CSA and root number was also determined in each sector using root number divided by root CSA. To determine whether slope angle influences root system distribution, each root system was also divided into two 90°radial sectors with regard to slope position (upslope = 0°). This type of analysis allows any preferential directions of root growth to be investigated, and when combined with winching data, can show which part of the root system contributes most to anchorage (Sommerville 1979; Stokes et al. 1995; Nicoll et al. 2006 ).
Statistical analysis
One-way analysis of variance (ANOVA) and Fisher least significant difference (LSD) tests were used to determine if differences in TM crit , TARS and root morphological data existed between groups of trees and if differences in soil moisture content occurred with depth and soil BD with site location existed. If trees had been trenched at, e.g. 1.5 m, root characteristics were missing at this distance and these trees were excluded from the analysis of root morphology at 1.5 m. Mean first order lateral root orientation was calculated using circular statistics and Rao's spacing test used to check the null hypothesis that the data were uniformly distributed (Batschelet 1981 , Mardia and Jupp 2000 , Oriana Ó 1994 -2003 . Normality of data for each treatment was tested using an AndersonDarling test (data were normally distributed when P [ 0.05). To examine the directional allocation of root biomass, the centre of mass of all the first order lateral roots, defined as the mean position of the root mass within the root system relative to the stem centre, was calculated using azimuth angles and weighted by CSA (Nicoll et al. 1995; Chiatante et al. 2003, Mickovski and Ennos 2003) . The origin of the coordinate system is the centre of the tree trunk, and if the centre of the root CSA is at the origin, root mass is considered evenly distributed around the tree stem. The greater this distance (or mean vector, r), the more the roots tend to cluster in a preferred direction. Data presented are means ± standard error.
Stepwise regression analysis was carried out between TM crit , TARS and individual or combined tree morphological characteristics to determine which parameters were the best predictors of root anchorage. Combined predictors have been shown to be better indicators of pull-out resistance than single predictors (Bailey et al. 2002; Dupuy et al. 2005a; Khuder et al. 2007 ). The predictors used included DBH 2 , DBH 3 , DBH 4 and DBH 2 9 height as these have been shown to be good predictors of TM crit (Cucchi et al. 2004; Nicoll et al. 2006) , as well as relative root depth (root depth/total root depth), root plate size, lateral root number, root CSA and eccentricity. These regressions were performed for data at different trenching distances from the trunk.
The relationship between R root CSA, number of first order lateral roots and the ratio between first order lateral root number and root CSA in each of the twelve 30°radial sectors with TARS before cutting, was explored using Pearson's correlations, considering all trees together.
Results
Effect of trenching on anchorage
Failure through uprooting of the root system occurred in 25 trees, whereas three trees broke at the stem-root base. Mean TM crit for all trees, regardless of trenching treatment was 37.1 ± 2.6 kNm. A decrease in TM crit occurred as trenching occurred closer to the trunk, but variability was high, therefore TM crit did not differ significantly between groups of trees ( Table 2 ). Stem DBH, height, crown spread, root plate depth and diameter did not differ significantly between groups of trees ( Table 2) .
Effect of trenching on tree anchorage rotational stiffness
The loss of TARS was low in all treatments, ranging from 6 to 13% after trenching (Table 2) . RARS was significantly greater when trenching was carried out at a distance of 0.5 m from the trunk compared to distances of 1.0 and 1.5 m (Table 2, F 3,24 = 5.17, P \ 0.001). No significant differences in RARS occurred between trenching distances of 1.0 and 1.5 m.
Root system morphology
Although variability in root system morphology was high, a general shape could be observed in the uprooted trees (Fig. 3) . Large lateral roots emerged from the stem base and sinker roots descended vertically from the lateral roots and beneath the tree trunk. No taproots were found in these trees. First order lateral root number at the stem base was 26.0 ± 1.4 and this number decreased to only 3.0 ± 0.4 at a distance of 1.5 m, equivalent to a decrease of 88% (Table 3) . Most of the first order lateral roots (97%) were found at a depth \ 0.3 m beneath the soil surface and only 3% were found at a depth of 0.3-0.6 m. Mean rooting depth for all trees was 0.7 ± 0.3 m, with sinker roots usually located beneath or close to the stem base. The maximum horizontal spread of most major first order lateral roots was 1.5 m from the trunk, with few roots growing beyond this limit. The lateral root ratio with regard to total root number was 0.62.
For sinker roots, the total number per root system ranged from 4 to 31, with a mean of only 17 roots per tree. Of all the trees studied, sinker roots were missing from two root systems, hence these systems were relatively shallow (maximal depths of 0.3 and 0.4 m). 88% of the total sinker roots occurred within a distance \ 0.5 m from the stem base, and 32% of these roots were located at the stem base. The maximum depth of these sinker roots located close to (Table 3) . No significant relationship existed between the mean total number of sinker roots and any stem size variable. The mean CSA of first order lateral roots decreased significantly from 170.0 ± 10.6 mm 2 at a distance of 0.2 m from the trunk to 44.8 ± 7.7 mm 2 at 1.5 m from the stem (F 3,98 = 46.6, P \ 0.001, Table 3 ). The mean total CSA of all first order lateral roots also decreased significantly with distance (Table 3 , F 3,98 = 150.77, P \ 0.001), with the highest value of (4,723 ± 233 mm 2 ) at a distance of 0.2 m from the stem base.
Mean total root CSA at 0.2 m from the stem regressed significantly with DBH, although R 2 was low (y = 34.6x -474, R 2 = 0.26, P \ 0.01). However, no significant relationships were found between mean total root CSA and any other root or shoot variable. When mean stem CSA was regressed against total root CSA, a significant positive relationship was found, although R 2 was low (y = 0.152x ? 2312, R 2 = 0.36, P \ 0.001).
Lateral root directional analysis
Mean azimuth when all first order lateral roots were considered together was 7.0 ± 11.9°and these roots were significantly clustered in this direction, but with a bimodal distribution towards the NE and NW (r = 0.6, Rao's spacing test: P \ 0.01, Fig. 4a ). When root CSA was taken into consideration, the centre of root mass shifted slightly to a mean azimuth of 16.3°± 10.3 (r = 0.64, Rao's spacing test: P \ 0.01) indicating significant clustering of the root system (Fig. 4b) , with mean root CSA clustered towards the NE. Although this shift is relatively small, the result was found to be significant (F 1 , 56 = 4.03, P = 0.05) when root CSA was taken into account.
Root eccentricity
Root vertical e decreased significantly with distance from the tree trunk (Table 3 , F 2,81 = 43.5, P \ 0.01), with the highest value of 0.7 ± 0.02 at a distance of 0.2 m from the stem base, indicating that these roots had adopted an elliptical form. However, at a distance of 0.5 and 1.0 m b When first order lateral root CSA for all trees with regard to winching direction was determined, significant clustering of first order lateral roots occurred towards an angle of 16.3 ± 10.3°. Each bar indicates the mean orientation of first order lateral roots for each tree and the solid line indicates the direction of clustering of center of CSA for all trees from the trunk, roots were significantly more circular in shape (Table 3 ) as compared to roots at 0.2 m from trunk. No significant relationships were found between root e and any other tree parameter.
Relationship between root system anchorage and morphology
When TM crit was regressed against various root and shoot morphological characteristics for control trees, highly significant relationships were found with stem DBH 2 , DBH 3 , and rooting depth (P \ 0.001, Table 4 ). For trees where roots had been cut at 1.5 m, RARS best regressed with rooting depth and a combination of predictors of tree height, root plate diameter and DBH (R 2 [ 0.8, P \ 0.05; Table 5) . Surprisingly, no significant relationships existed between any variable and RARS in trees where roots had been cut at 1.0 m. In trees where roots had been cut at a distance of 0.5 m from the stem, DBH parameters and combination of DBH 2 9 height were best regressed with RARS, although R 2 was not high (R 2 = 0.58 and 0.53). No significant relationships existed with any other shoot or root variable.
No significant correlations were found between R root CSA in each of the twelve 30°radial sectors and TARS before cutting. However, root number was negatively correlated with TARS in one sector only: 16-45°, i.e. on the CW side of the tree (R = -0.43, P = 0.030, Fig. 5a ). A negative correlation also existed between TARS and the ratio of lateral with root number with CSA in the CW sector 346-15°(R = -0.38, P = 0.05, Fig. 5b ) and the WW sector 106-135°(R = -0.47, P = 0.014, Fig. 5b ).
Discussion
The effect of trenching on TARS was slight, with a loss of only 13% when roots were cut at a distance of 0.5 m from the tree trunk and surprisingly, no significant differences in TM crit were observed with regard to trenching distance from the tree stem, possibly due to the variability observed in the data. Nevertheless, although trenching appeared to have little direct influence on tree mechanical stability, by analysing the relationships between TM crit or TARS and tree morphological characteristics, we were able to determine several mechanisms involved in root anchorage.
The relationship between root anchorage and various shoot and root parameters have often been used to determine which are the best characteristics to predict uprooting resistance in trees (Dupuy et al. 2005a (Dupuy et al. , 2007 Nicoll et al. 2006; Peltola 2006; Khuder et al. 2007 ). We found many significant regressions between TM crit and TARS and different variables in the control group of trees, but the most significant relationships were with a combination of the parameters DBH or tree height and root system depth. As most sinker roots were located close to the trunk, these roots would not be damaged through trenching, and could therefore continue to function as major component of anchorage (Mickovski and Ennos 2003) , even though the amount of biomass allocated to these roots was significantly less than that in the lateral roots (Table 3) . Fourcaud et al. (2008) showed through numerical modelling of tree anchorage in a saturated clay soil, that if a taproot is present, the length ratio of this taproot with the length of (2009) 23:197-209 205 the zone of rapid taper (ZRT) is also an important component of anchorage. The ZRT is the zone of major growth in lateral roots adjacent to the stem base (Wilson 1975 ) and tapers quickly so that eccentrically shaped roots rapidly become more circular. In trees in our study, sinker roots were clustered together underneath the tree stem, therefore could be considered as acting like a single, large taproot, which act as the dominant component of anchorage. If the length ratio between this taproot and the length of the ZRT is [1, Fourcaud et al. (2008) suggest that the taproot is the dominant component of anchorage, therefore, trenching lateral roots will have little effect on anchorage. In E. grandis, the ZRT could be considered as being shorter than 0.5 m, whereas maximum sinker depth was 0.7 m, also located underneath the trunk.
In trees where trenching had been carried out, root loss during excavation of the root systems may have also influenced the results as no significant relationships between TM crit or TARS and root characteristics were found. However, when trenching was carried out at distances of 0.5 or 1.0 m from the tree stem, no significant relationships were found between TM crit and any other parameter, nor were any relationships found between TARS and any root system variable, including depth. When trenching was performed at a distance of 1.5 m from the trunk, a combination of the parameters root system depth and root plate diameter or tree height were the best predictors of both TM crit and TARS and several significant relationships were found between TARS and DBH, tree height and root system width and depth. Therefore, when 5 Relationship between a mean root number and b ratio between first order lateral root number and CSA with bending stiffness before cutting in each of the twelve 30°radial sectors. The counter-winchward direction was considered to be at 0°. Black bars indicate sectors where Pearson's correlations were significant (P \ 0.05) roots were cut through trenching at distances of less than 1.5 m, something happened to the anchorage mechanism which prevents uprooting resistance being predicted from root system parameters. In our study, we could not know if the longest lateral roots were cut, as trenching would have damaged these roots which were left in the soil, but it would seem likely that this had occurred.
It was surprising that no significant regressions were found between root CSA and TM crit or TARS, even in the control trees, where significant relationships were more numerous. Root CSA has been considered as playing a major role in tree anchorage, particularly in roots close to the stem (Nicoll and Ray 1996; Coutts et al. 2000; Nicoll 2000; Chiatante et al. 2003; Danjon et al. 2005) . Nevertheless, significant negative correlations were found between TARS before trenching and the number of first order lateral roots in the CW sector at 16-45°and the ratio between first order lateral root number and CSA in the neighbouring sector (346-15°) and opposite side of WW sector (106-135°). No relationship occurred between TARS and root CSA in any sector, but a significant result was found between TARS and the ratio of number of lateral roots and root CSA, which suggests that an increase in root CSA on the CW side (side held in tension) of the tree increases anchorage; however, at the expense of lateral root number. These results are partly contrary to those found by Coutts (1983) , who showed that the thickness of lateral roots on the WW side (side held in compression) of the tree will influence positively anchorage rigidity, whereas on the CW side, an increase in root number will augment overturning resistance (Stokes et al. 1995) .
When all the azimuths of all first order lateral roots were analysed, it was found that lateral roots were significantly clustered with a bimodal distribution towards the NE and NW. However, when the centre of mass of all first order lateral roots was calculated, using azimuth angles and weighted by CSA, the mean azimuth towards which roots were clustered was slightly shifted towards 16.0°. This clustering of lateral roots did not affect anchorage, as also found by Mickovski and Ennos (2003) studying Pinus peuce Griseb. In our study, both sets of results indicate that there is an increased allocation of root biomass on the northern side of the tree. Asymmetric structural root growth in temperate trees is related to genotype (Nicoll et al. 1995) , competition between roots for nutrients early on in their development (Coutts 1987) , poor planting conditions (Taylor and Gardner 1963; Coutts et al. 2000; Lindström and Rune 1999) and mechanical loading, e.g. unilateral wind loading (Stokes et al. 1995; Mickovski and Ennos 2003) or slope orientation (Watson et al. 1995; Chiatante et al. 2003; Di Iorio et al. 2005; Nicoll et al. 2006) . Radial growth of roots is also influenced by mechanical stresses, which are usually higher at the base of the tree, thus resulting in thicker roots in this zone (Nicoll and Ray 1996) . Our results suggest therefore that the asymmetric root systems in E. grandis trees may in part be due to the mechanical loading from the northerly prevailing wind direction during the monsoon season. However, the trees were also growing on a slight slope of 7-10°and preferential root clustering corresponded to the upslope direction. Therefore, the combination of dynamic and static stresses, which has already been shown to result in amplified plant response to mechanical loading (Berthier and Stokes 2006; Khuder et al. 2006) , may have augmented root growth on the northern side of the tree. The results of our study are comparable to those of Nicoll et al. (2006) who examined root system symmetry of 40 year old Sitka spruce (Picea sitchensis Bong. Carr.) grown on a steeper slope (26-33°), where roots were distributed unevenly around the trunk, growing predominantly up and across the slope towards the windward direction. However, Di Iorio et al. (2008) showed that soil type is also an influencing factor for root directional growth on slopes.
Not only does mechanical stress lead to an increase in root radial growth, but also contributes towards eccentric secondary growth (Nicoll and Ray 1996; Stokes et al. 1998; Mickovski and Ennos 2003) . Root e was highest close to the trunk in the E. grandis trees studied, with most growth along the vertical bending axis. However, at a distance of 0.5 and 1.0 m from the stem, root eccentricity was significantly less elliptical, and more significantly circular in shape. Radial eccentricity has been linked to the distribution of strain throughout the root system during mechanical loading (Ennos 1993; Nicoll and Ray 1996; Fourcaud et al. 2008) . Roots often have greater thickening on the upper sides where strain is high, producing a shape comparable to a ''T-beam'' close to the trunk on leeward side of the tree or ''I-beam'' shapes further away from the trunk, particularly on the windward side where roots experience tension and bending (Nicoll and Ray 1996; Mickovski and Ennos 2003; Di Iorio et al. 2007 ). Such changes in root CSA can resist bending resistance within the soil more than any other shape with a similar CSA (Nicoll 2000) and further increase rigidity of the root soil plate (Nicoll and Ray 1996) .
Our study showed that in terms of TARS and TM crit , tree mechanical stability was not greatly affected by trenching in E. grandis trees, even when roots were severed at 0.5 m from the trunk. As maximal rooting depth was a good predictor of anchorage and most sinkers were located close to the trunk, the severing of lateral roots probably had little effect on tree stability, even though the amount of biomass allocated to lateral roots was significantly greater than that in the sinker roots. However, the fundamental root anchorage mechanism was disrupted in that overturning resistance could not easily be predicted from root system characteristics when trenching occurred at 0.5 or 1.0 m. Fourcaud et al. (2008) suggest that in clay soils, the longest lateral roots, if longer than the taproot, determine the size Trees (2009) 23:197-209 207 of the soil-root plate, a major component of tree anchorage, therefore this plate should not be damaged. If these main lateral roots are removed or cut, then the plate size will be mainly defined by the depth of the taproot, i.e. no longer sensitive to the removal of laterals. However, the same authors show that uprooting mechanisms also depend largely on soil mechanical properties. Hence, it is difficult to give advice to the arborist concerning the minimal distance to be left between the stem and the trench, as this will differ depending on species, soil conditions and tree vigour. From our study, we suggest that rooting depth and root plate size are the most important criteria to consider before trenching is carried out. Root plate radius is correlated to stem radius and this simple relationship can therefore be adapted to many species in different environments (Mattheck and Breloer 1995) . Nevertheless, the effect of trenching may not be perceived immediately, and there is also a high risk of pathogens entering the severed roots and causing decay in the tree, thus decreasing mechanical stability further. More similar studies need to be carried out on different species in a variety of urban conditions, in order to elucidate further the effect of root loss on trees growing in the built-up environment.
